ABSTRACT RDL receptors are GABA-activated inhibitory Cys-loop receptors found throughout the insect CNS. They are a key target for insecticides. Here, we characterize the GABA binding site in RDL receptors using computational and electrophysiological techniques. A homology model of the extracellular domain of RDL was generated and GABA docked into the binding site. Molecular dynamics simulations predicted critical GABA binding interactions with aromatic residues F206, Y254, and Y109 and hydrophilic residues E204, S176, R111, R166, S176, and T251. These residues were mutated, expressed in Xenopus oocytes, and their functions assessed using electrophysiology. The data support the binding mechanism provided by the simulations, which predict that GABA forms many interactions with binding site residues, the most significant of which are cation-p interactions with F206 and Y254, H-bonds with E204, S205, R111, S176, T251, and ionic interactions with R111 and E204. These findings clarify the roles of a range of residues in binding GABA in the RDL receptor, and also show that molecular dynamics simulations are a useful tool to identify specific interactions in Cys-loop receptors.
INTRODUCTION
Cys-loop receptors are pentameric ligand-gated ion channels that are involved in fast synaptic neurotransmission in the central and peripheral nervous systems. Members of the vertebrate Cys-loop receptor family include nACh, GABA A , glycine, and 5-HT 3 receptors (1). Such receptors also exist in invertebrates; one of the best studied is the RDL (resistant to dieldrin) receptor, which is a GABA-gated chloride channel present in many insects, and is a major target site for insecticides. Understanding the specific amino acids important for agonist binding is thus of benefit for the development of RDL-targeting insecticides, facilitating the rational design of novel and more specific insecticides, in addition to clarifying similarities and differences between the mechanisms by which GABA binds in different GABA-gated Cys loop receptors.
The agonist binding site of Cys-loop receptors is located in the extracellular region of the receptor at the interface between adjacent subunits. It is composed of six discontinuous loops (A-F). The ligand binds between loops A, B, and C on the principal subunit; and loops D, E, and F on the complementary subunit ( Fig. 1 ). Many residues involved in GABA binding in vertebrate GABA A and GABAr (also known as GABA C ) receptors have been identified within these extracellular binding-site loops, and roles for aromatic, hydroxyl-containing, and charged residues have been determined (2) . Although there is a certain degree of similarity in GABA-binding site residues across different receptors, there are differences in ligand orientation and conformation. In GABA A receptors for example GABA prefers to bind in a partially folded conformation, whereas in GABA C and RDL receptors it appears to prefer an extended conformation (3) (4) (5) . Specific binding-site interactions are also not always conserved: in GABA A receptors a loop A residue forms a cation-p interaction with GABA, whereas in GABA C receptors it is a loop B residue, and in RDL receptors two residues (in loops B and C) contribute (6) (7) (8) .
Computer-aided modeling of ligand-receptor interactions has proved helpful in understanding the nature of neurotransmitter binding to their receptor binding sites. In particular, MD simulations of structures derived from x-ray crystallography and homology modeling have allowed a quantitative description of ligand binding. Many of the earlier studies used models based on AChBP, a protein homologous to the extracellular domain (ECD) of nACh receptors, and which was the first such structure published (9) . Since then many AChBP structures have been solved, and, although these proteins do not possess ligand-activated pore regions, a range of studies, including the structural determination of the nACh receptor a1 subunit and the functionality of a modified AChBP linked to a transmembrane domain (TMD), suggest that they provide a good representation of the ECD of Cys-loop receptors (10, 11) . The complete structures of two related bacterial ligand-gated channels, Erwinia chrysanthemi (ELIC) and Gloeobacter violaceus (GLIC), have also been published (12, 13) , and these have also proved useful for modeling Cys-loop receptors, although the pore of ELIC is unusual in having a bulky hydrophobic residue at the extracellular entrance. The only x-ray-derived structure of a Cys-loop receptor to date, however, is that of the glutamate-gated chloride channel from Caenorhabditis elegans (GluCl), which was cocrystallized with glutamate, ivermectin, and Fab fragments (14) . Conclusions from homology models based on any of these structures, however, should be supported by experimental evidence, as none represent the perfect template: major concerns are that AChBP lacks a TMD, the bacterial channels encode neither a Cys-loop nor intracellular domain, and the presence of bulky ligands, particularly ivermectin and Fab, during GluCl crystallization, could have imposed unnatural structural restraints. Nevertheless, such models have provided a range of testable hypotheses, and have largely been shown to be reasonably accurate.
The availability of experimental structures and homology models has allowed the use of in silico methods to explore a range of Cys-loop receptor features, including ligand binding and conformational change at the extracellular domain (e.g., in AChBP (15) (16) (17) , GABA C (18) , nACh (19, 20) , and 5-HT 3 receptors (21, 22) ), and characterization of antidepressant and anesthetic binding sites (23) (24) (25) (26) (27) (28) (29) (30) . Some of these data are supported by functional data: in the GABA C receptor, for example, MD simulations elucidated a key role for a loop D Arg stabilizing the carboxylate of GABA, and this role was confirmed using mutagenesis studies: when R104 is substituted with Ala or Glu an increase in GABA EC 50 >10,000-fold was observed (18) .
In previous studies on RDL receptors, we identified a range of potential residues involved in the constitution of the agonist binding site (4, 7) . The aim of this study was to clarify the specific molecular interactions involved in GABA binding, determining the chemical role of key amino acids involved in binding events, and to probe the spatiotemporal dynamics of ligand binding in this receptor.
MATERIALS AND METHODS
Mutagenesis and preparation of mRNA and oocytes RDL subunit cDNA was subcloned from pRmHa3-RDL into pGEMHE for oocyte expression as previously described (4, 31) . Site-directed mutagenesis was performed with the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). For insertion of unnatural amino acids the nonsense codon TAG was substituted at the desired location as previously described (32) . The mMessage mMachine T7 kit (Ambion, Austin, TX) was used to generate capped mRNA for oocyte injection. Xenopus laevis (Nasco, WI) oocytes were prepared as previously described (8) , and injected with 5 ng cRNA. After injection, oocytes were incubated for 24-48 h at 18 C.
Synthesis of tRNA and dCA amino acids
This was performed as previously described (8) . In brief, unnatural amino acids were chemically synthesized as nitroveratryloxycarbonyl-protected cyanomethyl esters and coupled to the dinucleotide dC, which was enzymatically ligated to a 74-mer THG73 tRNA CUA as previously described (32) . Directly before coinjection with the mRNA, the aminoacyl tRNA was deprotected by photolysis (33) . In a typical experiment, 10 ng of mRNA were injected with 25 ng of tRNA-aa in a total volume of 50 nl.
In control experiments, mRNA was injected alone or together with THG74-dCA tRNA (with no unnatural amino acid attached). Analysis and curve fitting was performed using Prism (GraphPad Software, San Diego, CA). Concentration-response data for each oocyte was normalized to the maximum current for that oocyte. The mean 5 SE for a series of oocytes were plotted against agonist concentration and iteratively fitted to the following equation:
where C is the concentration of ligand present; I C is the current in the presence of ligand concentration C; I min is the current when C ¼ 0; I max is the current when C ¼ N, EC 50 is the concentration of C, which evokes a current equal to (I max þ I min )/2; and n H is the Hill coefficient. Significance was calculated using a one-way ANOVA.
Modeling
The crystal structure of C. elegans glutamate-gated chloride channel (GluCl; PDB ID: 3RIF (14) ) was chosen as a template for building the GABA RDL extracellular domain model. A sequence alignment of GluCl (residues 1-212 [PDB numbering]) and GABA RDL (NCBI accession: NM_168321.1, residues 57-266) was produced with FUGUE (34) , and used to model all five subunits simultaneously with MODELER 9v10 (35) . The resulting 30 models were protonated with MolProbity (36) and ranked according to their energetic favorability (ANOLEA (37); QMEAN (38) ) and stereo-chemical quality (PROCHECK (39) ; RAMPAGE (40) ). Interatomic clashes were removed from the selected model (RDL-ECD) by 1500 steps of steepest descent minimization followed by 1000 steps of conjugate gradient minimization in a solvated, neutralized simulation box with positional restraints applied to the CA atoms.
Docking
The zwitterionic form of GABA was docked into the RDL-ECD binding site, which was defined as being within a 10 Å radius of F206, using GOLD v4.0 (CCDC, Cambridge, UK). In all 20 docking poses, the amine nitrogen of GABA was positioned consistent with the formation of a cation-p interaction with F206 and Y254, thus satisfying previous experimental criteria (7) . Ten genetic algorithm runs were performed on each docking exercise using default parameters. The docking pose with the highest GoldScore fitness function was chosen for MD simulations. The structures were visualized using PyMOL v 1.3 (Schrödinger).
MD simulations
These were performed using the AMBER 2003 force field (41) and the GROMACS 4.5.4 suite of software (42) . The charges of protein ionizable groups were found to be in the standard protonation state at neutral pH, as calculated using the Karlsberg webserver (43) . The GABA ESP partial charges were calculated with the Density Functional Theory as implemented in the CPMD code, as previously described (18), and averaged over eight geometry configurations; the charges of equivalent atoms were also averaged. The protein-ligand complex was solvated with TIP3P water molecules in a periodically repeating truncated octahedral box. The net charge of the system was brought to neutrality and physiological ionic strength (0.15 M) by the addition of dissociated NaCl, resulting in a system comprising 38,611 water molecules, 121 Na þ ions, and 126 Cl À ions. An integration time step of 2 fs was used and all bonds were constrained using the LINCS algorithm (44) . Long-range electrostatics was evaluated with the particle mesh Ewald method (45) and van der Waals forces were treated with a cutoff of 14 Å . Following 5000 steps of steepest descent energy minimization, the system was equilibrated with 100 ps of position-restrained MD under NVT conditions, followed by 100 ps under NPT conditions. Temperature and pressure were kept constant (T ¼ 300 K, t t ¼ 0.1 ps; P ¼ 1 bar, t p ¼ 2 ps) by coupling to a modified Berendsen thermostat based on stochastic velocity rescaling (46, 47) and Parrinello-Rahman barostat (48), respectively. A 10 ns data production run was performed in the NPT ensemble with positional restraints imposed on the last three C-terminal CA atoms of each subunit (1000 kJ mol À1 nm
À2
), to mimic the presence of the TMD. The protein RMSD reached a plateau around 2 ns, and thus, ligand binding statistics were performed on the last 8 ns of the simulation. Hydrogen bonds were defined as having an acceptor-hydrogen distance %3.5 Å and an acceptor-donor-hydrogen angle %30
. Groups of opposite charge <6 Å apart were defined as ionic interactions. Cation-p interactions were identified as previously described (18): a distance cutoff (<6 Å ) was applied between the GABA amine nitrogen and the center of mass of the phenyl ring, and an angle cutoff (<45 ) was applied between the normal to the phenyl ring and the vector pointing from the ring center of mass to the GABA nitrogen. Cluster analysis was performed on each independent ligand trajectory (n ¼ 20) using the gromos algorithm (49) (RMSD cutoff <1 Å ), as implemented in the GROMACS program g_cluster: distance-RMSD (dRMSD) and atomic distance calculations were performed on each cluster member, data from equivalent clusters were pooled and mean (5SD) values were derived from each pool. The protein atom names used throughout correspond to the AMBER atom nomenclature and GABA atom naming is found in Fig. 2 A. Unless otherwise stated, statistics describing ligand motions and intermolecular interactions refer to the mean (5SEM) value, as averaged over all 20 independent binding sites.
RESULTS

Homology modeling and ligand docking
The crystal structure of the invertebrate Cys-loop receptor GluCl is the closest structural homolog of RDL currently available in the Protein Data Bank and these proteins have 38.1% extracellular domain sequence identity. This value is above the accepted 30% threshold for model reliability and is considerably higher than those for other related crystal structures (GLIC, 19.5%; ELIC, 21.0%; AChBPs, 17-20%). Because protein structure is more highly conserved at the tertiary level than at the primary level, we used an alignment generated by FUGUE (34), a program that performs profile analysis based on known sequencestructure compatibilities. Refinement of our model by energy minimization resulted in 99.7% of residues falling within the favored/allowed region of the Ramachandran plot. The number of rotamer deviations and bond angle Biophysical Journal 103(10) 2071-2081 distortions were within acceptable limits (1.5% and 0.4%, respectively), and residual bond length distortions and interatomic clashes were eliminated.
The GABA poses resulting from the docking procedure were highly clustered. In all cases, GABA was docked in a position consistent with the amine nitrogen atom of GABA making simultaneous cation-p interactions with F206 (mean distance ¼ 5. 
MD simulation
To ensure our simulations were representative, we performed four equivalent simulations and examined each of the five structurally identical binding sites. They were all broadly similar in terms of protein dynamics and bond occurrences between GABA and binding site residues, but we did observe some minor differences between the simulations, which were largest for residues R166, S176, F206, and T251, e.g., the ionic interaction between R166 and GABA was variable, as reflected in the high SEM (the mean ionic interaction occurrence was 19.3 5 5.6%, Fig. 3 ). Relative to the initial energy minimized RDL-ECD structure, the RMSD of protein backbone atoms for the pentameric complex reached saturation within~2 ns of the simulation at~1.8 Å in all cases (Fig. 1 B) . No significant secondary structure transitions were detected during the simulations using the program DSSP ( (50); data not shown), thus further illustrating the relative stability of the model. In addition, the mean RMSD (calculated over 10 ns) for each of the five constituent subunits was within 0.22 Å of the pentameric complex in all of the simulations, suggesting that independent subunit motions had not significantly contributed to deviations from the initial structure (Fig. 1 B) . We modeled RDL on a structure in which the classical agonist binding sites are occupied by agonist, and thus it is likely that our model resembles RDL in a ligand-bound state. This is supported by RMSF calculations for the protein CA atoms, which showed that the binding site loops (Fig. 1 A) underwent relatively modest atomic displacements (Fig. 1 C) . Of these, the highest RMSF value of 1.47 5 0.07 Å (averaged over 20 protein chains) corresponded to residue 250 within loop C (Fig. 1 C) . This finding is not unexpected given that this loop shows considerable flexibility (see e.g. (51) and references therein).
Following equilibration, the position of each GABA molecule remained relatively close to its respective starting pose, with the GABA center of geometry deviating 1.9 5 0.2 Å during the last 8 ns of the simulation, as averaged (49) . Data from equivalent clusters were pooled and the middle structure of each resultant cluster pool is presented. The degree to which GABA adopts an elongated conformation was determined from the distance between the amino nitrogen atom and carboxylate carbon atom of GABA (d(N 5 C 1 ) GABA ), averaged over equivalent clusters. The relative deviation of cluster members from the starting GABA conformation was determined without prior fitting and the rootsquare deviation of atom distances (dRMSD) were averaged over equivalent clusters. Statistics refer to the mean 5 SD. over 20 binding sites. The amine nitrogen (N5) deviated to a lesser degree (1.6 5 0.1 Å ), with the carboxylate carbon (C1) atom being positioned furthest from the initial pose (2.2 5 0.2 Å ). RMSF calculations for GABA showed that both termini of GABA were relatively stable ( Fig. 2 A) ; mean RMSF values for N5 and C1 were 0.5 5 0.02 Å and 0.2 5 0.01 Å , respectively. The carboxylate moiety of GABA made hydrogen bonds with five different RDL residues (Y254, F206, S205, E204, Y109; Fig. 3) , and ionic interactions with three others (E204, R166, R111; Fig. 3) , thus explaining the high degree of stability at the C1 position. The carboxylate oxygen atoms underwent considerable atomic motion, and rotated on average by >90 about the C1-C2 bond for 44.4 5 5.7% of the simulation.
Cluster analysis was performed to determine the most commonly adopted ligand conformation. As judged by the mean distance between the amino nitrogen atom and carboxylate carbon atom of GABA (d(N 5 C 1 ) GABA ), members of the most populous clusters (Cluster 1, n ¼ 80.1%; Cluster 2, n ¼ 16.5%) adopt a relatively elongated conformation (Fig. 2 B) . Between these two clusters, members appear to differ with regard to the position of the carboxylate oxygen atoms about the C1-C2 bond; within each cluster, the highest degree of structural variability could be attributed to the C2 backbone carbon atom. Members of Cluster 3 and 4 deviated furthest from the starting GABA conformation, as determined from their mean RMSD values (calculated without prior fitting), and these cluster members appeared to adopt a more circularized conformation. Given that these type members are underrepresented in the simulation trajectory, it is unlikely that this type of conformation is stable.
During the simulations, the amino moiety of GABA made a number of hydrogen bonds with RDL, and an ionic interaction with E204 was evident throughout the simulations (Fig. 3) . The amine nitrogen atom formed cation-p interactions with Y254 (97.6 5 1.4%) and F206 (42.2 5 6.3%) and, to a considerably lesser extent, with Y109 (7.0 5 1.8%). The carboxylate group of GABA also made hydrogen bonds with a range of RDL residues, and ionic interactions with R111 (96.6 5 1.7%) and R166 (19.3 5 5.6%) were also detected (Fig. 3) . Representative MD snapshots illustrating these interactions are given in Fig. 4 .
Specific interactions with loop A residues
The RDL homology model revealed that only one loop A residue, F146, contributes to the binding site. The simulations showed no direct F146 contacts with GABA in any of the simulations, but a persistent edge-to-face p-p interaction with F206, and a hydrophobic interaction with V148. Mutagenesis data showed that F146 is not critical for GABA binding and there is also no requirement for an aromatic residue at that position, as mutation to Ala only produced a moderate increase in EC 50 (~twofold; Table 1 ).
We also investigated F147, as it has the potential to affect the adjacent residue. The RDL model showed that F147 points away from the binding site and makes several hydrophobic and p-p interactions within the protein interior (M89, F108 [p-p], F110 [p-p], L179, I181, I201, I203), suggesting that F147 is involved in maintaining the structural integrity of the loop A region of RDL. Construction and expression of F147A receptors yielded no GABAinduced responses, suggesting that either these receptors were not appropriately expressed, or they did not function; either of these scenarios supports our hypothesis.
Specific interactions with loop B residues
Loop B residues play important roles in a range of Cys-loop receptors, and our data indicate residues in this loop are critical for GABA binding in RDL receptors. The simulation data show H-bond (64.5 5 4.5%) and ionic (99.1 5 0.7%) interactions between the amino group of GABA and the carboxylate of E204 (Fig. 3) . Mutagenesis data support an important role of this residue, as both conservative (Asp) and nonconservative (Ala) substitutions at E204 resulted in nonexpressed or nonfunctional receptors (Table 1) . The neighboring residue S205 had an H-bond between the carbonyl oxygen of S205 and the amino moiety of GABA (65.8 5 3.7%); substitutions in this position to either Ala or Thr established a critical role for S205, as both mutant receptors were found to be not expressed or nonfunctional (Table 1) .
Previous work has shown a cation-p interaction between GABA and F206. Here, the MD data revealed such an interaction for 42.2 5 6.3% of the simulations. There was also an H-bond between the GABA amino group and carbonyl oxygen of F206 (7.6 5 1.8%). As described previously, F206 formed an additional p-p interaction with F146 (100 5 0.0%). Previous mutagenesis studies support a critical role for this residue in GABA binding and/or function: an F206A substitution results in a >200-fold increase in EC 50 , whereas substitution with Tyr decreases EC 50~1 5-fold (7) .
The simulations showed that Y208 does not interact with GABA, but may form a hydrophobic interaction with I213 (87.0 5 5.1%), and a p-p interaction with W141 (65.7 5 8%). Mutagenesis data suggest that these interactions are not critical as substitution of Y208 with Phe or Ser resulted in only small changes (< fourfold) in EC 50 values (Table 1) .
Specific interactions with loop C residues
The simulations revealed H-bonds between T251 and the carboxylate moiety of GABA (46.7 5 6.5%) and also between the Y254 and T251 hydroxyl groups (28.1 5 4.3%). Mutagenesis data reveal the importance of the T251 hydroxyl as replacement of T251 with the chemically similar Ser had little effect on EC 50 , whereas a nonconservative replacement with Ala produced nonexpressed or nonfunctional receptors.
Previous work has shown a cation-p interaction between GABA and Y254 (7). The MD simulations supported this work in revealing such an interaction for 97.6 5 1.4% of the time.
The simulations indicated that R256 does not interact with GABA, but does have ionic interactions with E202 (98.9 5 0.7%) and E204 (99.5 5 0.4%). Mutagenesis data suggest that these interactions are important for receptor function as both conservative (Asp) and nonconservative (Ala) substitutions of R256 resulted in nonexpressed or nonfunctional receptors.
Specific interactions with loop D residues
The simulations revealed multiple interactions of Y109, predominantly with other receptor residues: it formed a p-p interaction with Y90 (81.9 5 3.7%) and a cation-p interaction with R111 (Loop D; NH1, 25.5 5 5.4%; NH2, 47.8 5 6.2%). For short periods Y109 also interacted with GABA via a cation-p interaction (7.0 5 1.8%), and its hydroxyl oxygen formed a hydrogen bond (6.0 5 2.8%) with the amino group of GABA. Mutagenesis data broadly support these observations as mutation to Ala (Y109A) abolished expression or function, mutation to Ser produced functional receptors with a >200-fold increase in EC 50 , and mutation to Phe revealed a small increase in EC 50 (Table 1) . Representative traces and concentration response curves are shown in Fig. 5 .
Data from unnatural amino acid mutagenesis experiments reveals more details (Table 2) R111 is another important loop D residue. The simulations revealed hydrogen bonds (80.2 5 5.6%) and an ionic interaction (96.6 5 1.7%) between R111 and the GABA carboxylate group. In addition, there were cation-p interactions with both Y90 (NH1, 34.6 5 6.0%; NH2 35.0 5 5.4%) and Y109, as mentioned previously. In support of these data, mutation of R111 to Ala or Lys resulted in not expressed or nonfunctional receptors, demonstrating the importance of this residue. 
Specific interactions with loop E residues
The simulations revealed H-bonds between S176 and the GABA carboxylate moiety (63.2 5 9.0%). Substitution of S176 with Ala showed an~25-fold increase in EC 50 , supporting these data. Interestingly, however, S176T receptors were not expressed or nonfunctional, indicating that the size and orientation of the side chain is important at this position.
R166 also interacts with GABA: the simulations revealed infrequent ionic interactions (19.3 5 5.6%) and H-bonds (1.9 5 1.2%) with the GABA carboxylate moiety. Although unlikely to be essential for GABA binding, the requirement for a positively charged residue at this position is exemplified by the mutagenesis data, in which substitutions for either Ala or Gly resulted in nonexpressed or nonfunctional receptors, whereas the EC 50 for the R166K mutant was only moderately increased (~threefold).
R178 is located in the model at the bottom of loop E, where it forms an ionic interaction with D107 (92.1 5 2.3%). R187 is positioned too far from GABA to interact with it, but may be important in holding loop E in the correct position. In support of this hypothesis, substitution with Ala resulted in not expressed or nonfunctional receptors, whereas a Lys substitution produced receptors with a near wild-type EC 50 .
DISCUSSION
There are a range of GABA-activated Cys-loop receptors in vertebrates and invertebrates, and similar receptors are also present in prokaryotes. Data suggest that the GABA binding sites in these receptors are broadly similar, but GABA adopts unique orientations in each. These conclusions are largely based on mutagenesis and docking studies, but previous work on GABA C and other receptors have shown that MD can be a useful tool to provide further and more detailed information about specific interactions of agonists at Cys-loop receptor binding sites. Although efforts to obtain the crystal structure of a GABA-bound Cys-loop receptor remain ongoing, homology modeling and MD simulations provide an effective and computationally affordable alternative. Such analyses also provide insight into the dynamic nature of protein-ligand interactions, a feature often not readily apparent from crystal structures. Many studies have used these techniques to probe the interactions of small ligands with their binding sites in the extracellular domain (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and simulations have also revealed information on the mechanism of peptide neurotoxin action and the role of cholesterol in nACh receptor function (52) (53) (54) (55) . MD studies have also been used to probe the structural characteristics of the TMD, and as a means to elucidate the structural determinants governing channel opening, mostly in nACh receptors, and in the bacterial homologs ELIC and GLIC . Here, we have used this technique to explore the interactions of GABA in the insect GABA-activated RDL receptor, and show that many residues in the binding site contribute to GABA binding. Some of these residues are conserved with those in other GABA receptor binding sites, whereas others are not; our data therefore provide an explanation for the subtly different orientation of GABA in the RDL binding pocket compared to GABA A and GABA C receptors, and emphasizes the range of interactions that can occur, even with a relatively simple ligand, in a Cysloop receptor binding site. Our template for examining the RDL binding site was the ECD of the GluCl receptor, which is the only Cys-loop receptor whose x-ray crystal structure is currently available. GluCl was crystallized in the presence of ivermectin, a partial allosteric agonist, which stabilizes the agonist binding site in an activated conformation (14) ; thus, although our model is likely to reflect ligand interactions of an activated receptor, there may be some inaccuracies as RDL is not similarly modulated by ivermectin. Because we were concerned primarily with ligand binding, we did not consider the drawbacks of using a structure that has no TMD to be significant, and indeed studies with AChBP, which also has no TMD, suggest this is a reasonable assumption. We did consider using ELIC as a template, as this ligand-gated ion channel is gated by GABA, but the % sequence identity of these two proteins is poor (21%) compared to GluCl (38%), and the pharmacology of ELIC is quite distinct to that of GABA A receptors (77) . Interestingly, however, the locations of ACh and GABA in the binding site shows some similarities with that of GABA in the RDL binding site, for example two residues contribute to cation-p interactions to stabilize the tertiary amine (78, 79) . The agonist binding site of RDL receptors, like all Cys-loop receptors, contains aromatic residues from different parts of the extracellular domain (loops A, B, C, and D), which form a so-called aromatic box (2, 6, 8, 18, (80) (81) (82) . In RDL receptors, two of these aromatic residues interact with GABA via a cation-p interaction: a loop B Phe (F206) and a loop C Tyr (Y254) (7) . Data from the MD simulations support these findings, as they reveal that both F206 and Y254 form a cation-p interaction with GABA. The data indicate Y254 is closer to GABA than F206, suggesting it has a stronger interaction. This slightly conflicts with the functional data, as fluorination plots have revealed slopes of 0.13 and 0.10 for Phe-206 and Tyr-254, respectively, indicating a marginally weaker cation-p interaction with the latter. Thus, it may be that other interactions that were not considered in the simulations also play a role; for example, in the nACh receptor the cation-p interaction (which is with the loop B Trp) is influenced by a hydrogen bond between ACh and the backbone carbonyl of this residue, and residues located immediately behind the aromatic also influence such an interaction (e.g. (82,83) ).
The simulations indicated that the loop D aromatic, Tyr-109, could contribute to a cation-p interaction with GABA, but only for~7% of the simulations. Up to four residues have been shown to contribute to cation-p interactions in some proteins, e.g., glucoamylase (84) , but in the majority of Cys-loop receptors studied to date there appears to be only one such interaction; thus RDL is unusual in having two residues contribute, and would be even more unusual if a third (Y109) was also involved. This, combined with the short interaction profile, leads us to suggest that if a cation-p occurs with Y109, it is not a significant influence on GABA binding. The simulations also indicate a range of other interactions in which Tyr-109 is involved: a p-p interaction with Y90 (81.9 5 3.7%), a cation-p interaction with R111 (NH1, 25.5 5 5.4%; NH2, 47.8 5 6.2%), and an H-bond with GABA (6.0 5 2.8%). Data from unnatural amino acid substitutions at this location show the importance of both the p ring and the hydroxyl group, and, combined with the simulation data, provide an explanation for the large decreases in potency in Y109A (nonfunctional) and Y109S (250-fold EC 50 increase) mutant receptors. Mutation of the homologous residue in GABA A receptors (a 1 Phe-65) to Leu increased GABA EC 50 from 6 to 1260 mM, with the IC 50 values of bicuculline and SR95531 (competitive antagonists) increasing by similar amounts, again suggesting an important role for the residue in this location in GABA binding (85) and similarly studies using unnatural amino acids have confirmed the importance of an aromatic residue at this location, possibly by increasing the general hydrophobicity of the region (8) .
Other residues in the RDL receptor that play important roles in the binding site are E204, S176, T251, and R111. The loop B Glu (E204) is especially sensitive to mutation as, even when replaced by the similarly charged Asp, the receptor is not expressed or is nonfunctional. This can be explained by the multiple roles of this residue as revealed by the simulation: an ionic interaction and a H-bond with the amino group of GABA, and an ionic interaction with R256. Mutagenesis reveals that R111 is similarly a critical residue, and the simulations revealed hydrogen bonds with both of the two carboxylate oxygens of GABA, and cation-p interactions with Y90 and Y109. S176 and T251 form H-bonds with GABA in the simulations, and their importance was also demonstrated in the mutagenesis data, even though they have essentially opposite effects when substituted conservatively or with Ala: Thr cannot be substituted for Ser at position 176 but Ser can replace Thr at position 251, whereas Ala substitutions result in nonfunctional receptors at 251, but not at 176. These data indicate the H-bond at 251 is more important, whereas the size/orientation of the residue at 176 is more critical. The simulations also revealed an interaction between loop E residue R166 and GABA, albeit for limited periods (H-bond, 1.9 5 1.2%; ionic interaction: 19.3 5 5.6%). The requirement for a positively charged residue in this position was confirmed by mutagenesis, however, we speculate that due to the relatively high variability in bond occurrences between the simulations, R166 may be involved in maintaining a more general charge distribution within the agonist site, rather than being directly required for GABA binding.
Hydroxylated and charged residues are also involved in GABA binding in GABA A and GABA C receptors through direct salt-bridge or hydrogen bonding interactions. In Biophysical Journal 103(10) 2071-2081 GABA A receptors the hydroxylated residues a 1 S68, b 2 T160, b 2 T202, b 2 S204, and b 2 S209, and the charged residues a 1 R120, a 1 D183, a 1 R66, and b 2 R207 are involved in ligand binding (86) (87) (88) (89) (90) . A smaller repertoire of residues is involved in GABA binding in the related GABA C receptor: R104, F138, R158, and T244 (6, (91) (92) (93) (94) . There are also differences in ligand orientation and conformation: In GABA A receptors GABA likely binds in a partially folded conformation, in GABA C receptors and in the RDL receptor GABA has been described as binding in an extended or elongated conformation (3) (4) (5) . The current data support this and reveal specific interactions that may occur during the binding process.
CONCLUSIONS
GABA binds to GABA-activated Cys-loop receptors in a variety of different orientations. Here, we use MD simulations, combined with mutagenesis and functional data, to explore the different interactions with binding-site residues in the GABA-activated RDL receptor. The data reveal a range of interactions, predominantly with aromatic, charged, and polar residues and suggest that interactions with R111, E204, F206, Y254, and R256 are the most critical.
